The iron and ferritin content of rat liver and the species of ferritin present were examined from 4 days before to 3 weeks after birth. 1. Total iron and ferrtin iron accumulated rapidly during the last days of gestation and from the second postnatal day underwent a steady depletion. 2. The amount of iron deposited before birth in the liver of each pup varied inversely with litter size and could be increased moderately by injection of iron into the mother before mating. 3. Intraperitoneal injection of iron 1 day after birth doubled the concentration of total iron, ferritin iron and ferritin protein in the liver over the next 24h, but at 3 weeks after birth it raised the very low concentrations of iron and ferritin severalfold. 4. As shown by electrophoretic migration, ferritin and dissociated ferritin subunits prepared from the livers of rats from 4 days before to 3 weeks after birth differed from those of adult liver ferritin and were indistinguishable from those of adult kidney and spleen ferritin. Treatment with iron at 3 weeks of age induced formation of a ferritin with electrophoretic properties resembling those of adult liver. It is concluded that iron given at this stage of development may activate the genetic cistron for adult liver ferritin.
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It is well established that iron accumulates in the foetus during the latter part of gestation (McCance & Widdowson, 1951) . Much of this iron is retained by the liver (Cox & Schlicker, 1967; Kaufman & Wyllie, 1970) , but is rapidly depleted after birth (McCance & Widdowson, 1951; Mazur & Carleton, 1965; Leslie & Kaldor, 1971) since the iron content of milk is insufficient for the needs of the growing infant animal. In the adult rat, most iron is stored in the liver as ferritin (Van Wyk et al., 1971) and additional ferritin protein accumulates when iron is administered by injection (Drysdale & Munro, 1966; Linder-Horowitz et al., 1970) . Further, different molecular species of ferritin occur in different tissues (Linder-Horowitz et al., 1970) . Therefore we set out to determine for the rat (1) whether the iron transferred to the foetus shortly before birth is deposited as ferritin; (2) whether this ferritin is depleted during the suckling period; (3) which ferritin species are present in the tissue of the infant compared with those of the adult rat; and (4) whether iron injection alters the course of events occurring during perinatal development. The results for liver are presented here.
Materials and Methods

Animals
Fisher rats (Microbiological Associates, Walkers- ville, Md., U.S.A.) were either mated in our laboratories or received on the fourteenth day ofpregnancy. The ages of foetal or newborn rats were determined Vol. 129 by weight (Yeung & Oliver, 1967) and crown-to-rump length (Gonzalez, 1932) or by time from birth, respectively. Litters and dams were kept in plastic cages with solid laboratory rat chow (Big Red; Agway, Syracuse, N.Y., U.S.A.) available in containers above the reach of the young. In some experiments, the dams were injected before mating with 50mg of iron as iron dextran (Imferon; Lakeside Laboratories, Milwaukee, Wis., U.S.A.). In other studies, Imferon was injected intraperitoneally into rats at 1 day of age (3 mg of iron/rat) or at 20-21 days of age (10mg of iron/rat) and the animals were killed 24h later.
Iron andferritin assays
The livers of all rats in each litter were pooled and analysed for total iron, haem iron and ferritin iron as described by Van Wyk et a. (1971) and for ferritin protein by a combination of chemical and immunological procedures (Linder-Horowitz et al., 1970) using adult rat liver ferritin as standard (Linder & Munro, 1972) .
Electrophoresis offerritin
Disc electrophoresis was performed on ferritin extracts as described by Linder-Horowitz et al. (1970) by using a 5 % (w/v) acrylamide separating gel. In a few instances, ferritin was extensively purified (Linder-Horowitz et al., 1970) and then dissociated into subunits by incubation with 0.25% sodium dodecyl sulphate in tris-glycine buffer (0.025-0.38M, pH8.3) at 70°C for 30min (Smith-Johannsen & Drysdale, 1969 (Linder-Horowitz et al., 1970) . The migration rate (RF) was measured against that of the tracking dye and compared with the RF value of standard adult rat liver ferritin samples run in parallel.
Results
Perinatal changes in liver ferritin content The ferritin content of rat liver was measured from 4 days before birth to 3 weeks after birth ( Fig. 1 ). The changes in ferritin concentration/g for liver provided a different picture (Fig. 1) . Although the total ferritin content rose rapidly between 4 and 2 days before birth, the concentration fell twofold because ofan even more rapid increase in liver weight (Fig. 1) The amount of iron in the liver of the newborn rat was also influenced by the size of maternal iron stores. This was shown by injecting the dams with extra iron before mating. As illustrated in Table 1 , no change was observed in mean litter size or in the dimensions and weight of individual pups at birth as a result of this treatment. However, the livers of pups from iron-injected mothers were slightly but significantly larger and contained about 20% more total iron and ferritin iron/g of liver without any change in haem iron content. At 21 days after birth, the total iron concentration of the liver was still somewhat elevated in the injected group, but this difference failed to reach significance. The concentration ofhaem iron in the liver at birth was significantly higher than 3 weeks later, reflecting the presence of some residual haematopoietic cells at the time of birth (Finck & Thiel, 1964) . Also the results show that, whereas at postnatal day 1 ferritin iron represented about 50 % of the total liver iron and 67 % of its non-haem iron, after suckling almost all the ferritin iron had been removed so that it represented one-tenth or less of the non-haem iron still present in the liver. When the non-haem iron is computed as total amount/liver rather than as a concentration, the quantity (Table 1) does not change appreciably from day 1 to day 21. Since by a similar calculation the amount offerritin iron/liver shows a marked decrease at day 21, the proportion of non-haem iron other than ferritin increased from 16 to 34/jug/liver over the same period. The nature ofthis non-ferritin non-haem iron has not been identified.
Effect ofadministering iron to infant rats
In view of the rapid deposition of iron as ferritin in the livers of adult rats treated with iron (Drysdale & Munro, 1966; Linder-Horowitz et al, 1970) , we examined the response to iron administration of rats on the day of birth and at the end of the suckling period. Table 2 shows that rats injected with iron on day 1 and killed on day 2 after birth showed a significant increase in liver weight accompanied by a doubling in total iron concentration and a 60% 1972 The liver iron concentration (jFg/g) of 2-day-old (o) and 21-day-old (A) rats, and the total iron content (jug/liver) of 2-day-old rats (-) ferritin protein in the liver ( Table 2 ), indicating that iron had stimulated protein accumulation in the liver of the newborn and suckling animal just as it does in the adult animal.
Electrophoresis of liverferritin Repeated determinations of the relative migration rate (RF) of perinatal liver ferritin revealed that it differed significantly from adult liver ferritin in its electrophoretic properties (Table 3 ). This was true over the whole period from 4 days before birth to 3 weeks of age; the electrophoretic behaviour of this ferritin was indistinguishable from that of adult kidney and spleen. Ferritin from newborn liver was further examined by dissociating it into its protein subunits and analysing these subunits by electrophoresis. As shown in Table 3 , the subunits of newborn liver ferritin also migrated at a markedly different rate than those offerritin from adult liver. Whereas undissociated perinatal liver ferritin migrated faster than adult ferritin, the subunits migrated considerably slower than those of adult liver ferritin. Larger amounts of pure ferritin extracted from adult kidney and spleen showed a corresponding difference (Table  3) , the subunits of kidney and spleen ferritins migrating at a slower rate towards the anode than those of adult liver ferritin. The differences in subunit-migration rates cannot be ascribed to differential attachment ofresidual amounts ofsodium dodecyl sulphate, since varying the sodium dodecyl sulphate/protein ratio did not alter the results. Similarly, removal of iron from the ferritin (apoferritin) before dissociation did not alter the behaviour of the subunits. As demonstrated above, injection of 3-week-old rats with iron resulted in the accumulation of large amounts of new ferritin within 24h (Table 2 ). This ferritin was compared electrophoretically with that of control rats of the same age not treated with iron and with adult liver ferritin. The new ferritin migrated significantly more slowly than that of untreated controls of the same age (Table 4), implying that iron administration had induced the formation ofa ferritin with a different structure from that of perinatal liver ferritin. Further, the change was in the direction of adult liver ferritin. Although the iron-evoked ferritin still migrated slightly faster than that of adult liver, both migrated much more slowly than the ferritin of neonatal liver (Table 4) .
Discussion
In agreement with our results, several groups (Nylander, 1953; Morgan, 1961; Cox & Schlicker, 1967; Graber et al., 1970; Kaufman & Wyllie, 1970) have shown that, during the last 4 days before birth, total iron uptake by the foetus increases and the iron 1972 (8) 308± 75 (7) 70±19 (5) 161±26 (9) 50 34
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9±3 (5) 26± 3 (4) 0.93 ±0.11 (5) 92 ± 40 (5) 40± 14 (5) stores of the mother are markedly decreased (Wyllie & Kaufman, 1971; Murray & Stein, 1970 (Fig. 2) , but can be increased about 20% by preloading the mothers with iron before mating (Table 1) .
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8±3 (4) 29 ± 6 (4) 1.02±0.33 (4) 122± 68 (5) 38±7 (6)t 2.9± 2.4 (6) 86 3.0 Table 3 . Electrophoretic behaviour offerritin extracted from liver at various ages in comparison with ferritins of adult tissues Ferritin was purified from livers of rats at various ages and from adult kidney and spleen. Extracts were subjected to disc electrophoresis and migration (RF) was measured relative to tracking dye after staining for iron. Adult rat liver ferritin (controls) was run simultaneously with all samples. In the case of ferritin subunits, pure ferritins were dissociated with sodium dodecyl sulphate before application to the gel. Results are given as absolute electrophoretic migration (RF) for samples and controls over several runs, or as relative migration in relation to the controls which were present during the same run (means ± S.D., with the numbers of determinations in parentheses).
Electrophoretic t Combined results for dissociation of apo-and holo-ferritin. Table 4 . Electrophoretic migration of liver ferritin in 3-week-old rats before and after iron treatment Ferritin was extracted from livers of 3-week-old rats, half of which had been injected with 10mg of iron (Imferon) 24h before killing. Ferritin samples from the control and injected series were run either (I) against adult liver ferritin or (II) against each other. Results are given as absolute migration (RF) measured against that of the tracking dye or migration relative to the controls used in the same run (means ±s.D., with the numbers of determinations in parentheses). Rat milk contains sufficient iron (Cox & Mueller, 1937; Ezekiel, 1965) Mazur & Carleton (1965) and Leslie & Kaldor (1971) for ferritin, and is consistent with the observed severe anemia of rats during this period (Garcia, 1957) . The changes which occur in liver iron concentration are, however, somewhat deceptive, since theyresult from simultaneous changes ofseveral variables including liver size. Thus, whereas total ferritin iron/liver (concentration x liver weight)
shows a decrease from 34,ug at birth to 5,ug after 3 weeks, it is the only variable which decreases in total amount (Table 1 ). In contrast, total non-haem iron/ liver (including ferritin) remains about the same, and the non-haem non-ferritin iron even increases. This finding implies that ferritin iron stores are more accessible than other non-haem iron stores and indeed questions the storage role of the latter. The liver of the infant retains its capacity to deposit ferritin in response to iron availability during the suckling period (Table 2 ), but this response at birth is limited in comparison with that of the adult liver. In response to an injection of iron, the latter can quadruple its already high concentration of ferritin within 24h (M. C. Linder & H. N. Munro, unpublished work) , but the liver of the newborn animal can increase its ferritin concentration only 60% (an absolute increase of 90,ug of iron/g of liver). By 3 weeks, however, this capacity has increased considerably, allowing an absolute increase of 270,ug of iron/g of liver over 24h.
Several groups (Richter, 1965; Gabuzda & Silver, 1969; Richter et al., 1970; Arora et al., 1970; LinderHorowitz et al., 1970) have reported the presence of electrophoretically distinct ferritins in different tissues of several species. These differences have been related in some cases to peptide composition (Richter et al., 1970) and antibody-binding capacity (Linder etal., 1970) , and imply that several genetic cistrons for ferritin occur in the rat genome.
We have shown that during the perinatal period, the liver of the rat contains a ferritin with different electrophoretic properties from those of the adult liver. Replacement of this foetal liver ferritin by that of adult liver does not take place during the first 3 weeks of life when iron stores are being utilized, thus excluding the possibility that the foetal type of ferritin is confined to the hematopoietic cells of the infant liver, which disappear during the first week of life (Oliver et al., 1963; Finck & Thiel, 1964; Nagel & Jacquot, 1969) , whereas foetal ferritin persists. An analogous change in ferritin species could be induced prematurely in the rat by injecting iron (Table 4) . Such a change in ferritin species did not occur in other tissues such as adult liver, kidney and heart (Linder-Horowitz et al., 1970) or in a series of hepatomas on iron injection, nor is it likely that the injected iron affected ferritin migration directly since, in all other cases so far tested, iron-free (apo) ferritin behaved exactly as ironcontaining (holo) ferritin. The ferritin accumulated in 3-week-old rats after iron treatment still had an overall migration which differed somewhat from that of the adult liver. This would be expected if the ferritin was really a mixture of species with the adult liver species predominating and with some foetal liver ferritin also synthesized in response to the iron injection. Final conclusions may only be drawn after careful structural analyses. But it is possible that the administration of sufficient iron to exceed the needs of the young growing animal, as in the case of our iron injection study, will evoke the formation of an adult liver type of ferritin normally present only at a later age. Consequently, as in the experiments of Greengard (1971) with liver enzymes, certain stimuli may cause the precocious maturation or differentiation of a tissue with regard to its content of protein constituents.
